ABSTRACT The time and code division-orthogonal frequency-division multiplexing (TC-OFDM) signal is a promising wireless positioning signal, which multiplexes the China mobile multimedia broadcasting signal and pseudorandom noise codes in the same frequency band. The drastic change of carrier-to-noise ratio can increase carrier tracking error of the TC-OFDM receiver and may lead to the loss of lock. To address this problem, a novel frequency-lock loop (FLL)-assisted phase-lock loop (PLL) with fuzzy control is proposed, and the effect of signal strength on the carrier tracking loop is analyzed. The proposed algorithm uses the outputs of the phase and frequency discriminator as measured residuals of the Kalman filter (KF), and a KF-based second-order FLL-assisted three-order PLL carrier tracking loop is designed. Moreover, fuzzy control is applied to the designed loop. It can automatically switch between pure KF-based PLL, pure KF-based FLL, and KF-based FLL-assisted PLL, and automatically adjust the noise bandwidth. Simulation and experimental results show that, compared with the existing carrier tracking algorithms, the proposed algorithm can effectively avoid the divergence of the tracking loop and improve the robustness of the TC-OFDM receiver.
I. INTRODUCTION
Global navigation satellite system (GNSS) has been widely applicated in our daily outdoor life. However, when working indoors, the positioning performance of the GNSS is dramatically deteriorative [1] . As a result, terrestrial wireless positioning augmentation systems for the GNSS are receiving increasing attention. Digital broadcasting signals enable seamless indoor and outdoor coverage of the urban. Therefore, the digital broadcasting signal can be promised as a novel wireless positioning signal for urban and indoor positioning and navigation [2] . The time & code divisionorthogonal frequency division multiplexing (TC-OFDM) is a novel positioning technology, which is based on the digital broadcasting system and has a wide application prospect. The TC-OFDM system multiplexes the China mobile multimedia broadcasting (CMMB) signal and Pseudorandom Noise (PRN) codes to form a new fusion signal in the same frequency band, which can achieve outdoor and indoor positioning with meter-accuracy. References [3] and [4] describe the TC-OFDM system in detail. Considering that the CMMB system uses a single frequency network for coverage, the receiver demodulates pseudo codes to achieve positioning. Compared with the GNSS, the TC-OFDM signal has some potential advantages for positioning: stronger signal transmission power, larger signal transmission bandwidth, less sensitivity to Doppler effects, no ionospheric disturbance, and lower carrier frequency [5] - [7] . Hence, the TC-OFDM system has better diffraction performance and better propagation quality in urban and indoor areas.
As with GNSS receivers, the TC-OFDM receiver achieves pseudorange measurement and positioning by tracking PRN codes. The most common method of tracking is to utilize the code loop (delay-locked loop, DLL) and the carrier loop (frequency lock loop, FLL, and phase lock loop, PLL) to track the received signal parameters of interest. This paper focuses on the carrier tracking, which is the most vulnerable part of the TC-OFDM signal processing. Usually, the carrier loop firstly uses the FLL to quickly pull the received signal into a stable tracking state, and then uses the PLL to track the carrier signal more accurately. For a conventional PLL, it extracts the carrier phase measurements from the received signal. The loop filter of the conventional PLL is a typical single-input-single-output (SISO) system, and its output, the estimated residual carrier frequency, is to control the numerically controlled oscillator (NCO) [8] . The NCO generates a local carrier replica that is correlated with the incoming signal, and the correlator outputs are then input into a discriminator that estimates the tracking error. Then the tracking error is filtered by the loop filter and used to adjust the NCO, generating a new carrier replica to minimize the tracking error [9] . Moreover, the PLL has time-invariant filter coefficients that can result in a fixed bandwidth of the carrier loop, which leads to an inherent trade-off between noise reduction and dynamic response of conventional PLLs in practical applications [10] . When the carrier to noise ratio (CNR) of the received signal is sudden decreased or the required loop bandwidth is wider, the PLL may have difficulty to lock on the received signal [11] . Therefore, the drastic change of CNR stresses the carrier tracking loops in the TC-OFDM receiver, tending to increase tracking error and occurrence of loss of lock [12] . Loss of lock under sudden changes in signal strength is a very serious problem in the applications of the TC-OFDM receiver. It can significantly increase TC-OFDM positioning and navigation errors, and even leading to a complete navigation interruption in severe cases.
There are several algorithms available to improve the robustness of the carrier loop and avoid the divergence of the tracking loop. The algorithms in [13] - [21] are divided into three categories: Kalman filter-based phase lock loop (KFPLL), vector-based tracking loop and FLL-assisted PLL. The KFPLL can adjust the filter coefficients and bandwidth through the self-tuning techniques, so it enjoys a better signal tracking sensitivity and more accurate carrier frequency [13] , [14] . Moreover, the KFPLL automatically adjusts the noise bandwidth according to the signal CNR, which results in the performance gains of the KFPLL are achieved over that of the conventional PLL [15] . But, it is difficult to obtain the accurate processing model and noise model of the KFPLL. Besides, the KFPLL requires harder computation compared with the conventional carrier loop. The vector-based tracking loop uses all available channel parameters as a vector to estimate the carrier frequency of each channel [16] . The vector-based tracking loop is widely used in highly dynamic applications, and its applications in the low dynamic fields are mainly combined with inertial measurement unit (IMU) [17] , [18] . The addition of the IMU greatly increases the cost of the receiver, and the frequency deviation caused by the crystal oscillator limits the sensitivity of the vector-based tracking loop. In addition, the weak channels may contaminate the healthy channels. The FLL and PLL are integrated together to form the FLL-assisted PLL to estimate the carrier frequency [19] - [21] . The optimal FLL-assisted PLL can improve the receiver robustness at the cost of introducing additional noise into the PLL. Moreover, the performances of FLL-assisted PLL depend on an optimal selection of tracking loop parameters, which typically include noise bandwidth. Reference [15] discussed the optimality of the carrier loop as an equivalent third-order PLL, but the optimality of the FLL-assisted PLL for the drastic change of CNR is yet to be discussed.
Based on previous research, in this paper, we propose an algorithm called novel FLL-assisted PLL with fuzzy control to avoid the divergence of the tracking loop and improve the robustness of the TC-OFDM receiver. In order to reduce the complexity of the loop filter coefficient solution, the KF is adopted to design the tracking loop. In this way, the low CNR signal can be stably tracked by setting appropriate KF initialize estimations. The proposed algorithm establishes an optimal linear model for the third-order PLL and the second-order FLL respectively according to the KF principle. The outputs of the frequency and phase discriminator are used as the measured residuals, and then the KF-based FLL-assisted PLL is designed, and the corresponding z-domain linear models are established by the mathematical derivation. Compared with the conventional FLL-assisted PLL, the equivalent filter coefficients of the KF-based FLL-assisted PLL are variable, and the loop coefficients are adjusted according to the updated KF formula. Hence, the noise bandwidth of the KF-based FLL-assisted PLL can be automatically adjusted to reduce the effect of the noise on the carrier tracking accuracy. In order to further improve the carrier tracking accuracy and the robustness of the tracking loop, the fusion coefficient given by fuzzy control is used to automatically switch between pure KF-based PLL, pure KF-based FLL and KF-based FLL-assisted PLL. Finally, pure KF-based PLL is implemented at high CNR, pure KF-based FLL is implemented at low CNR, and KF-based FLL-assisted PLL is implemented at other times. This algorithm is tested using simulated and real TC-OFDM data with different levels of signal strength. To evaluate the performance of this algorithm, the results are compared to those from both conventional third-order PLL and FLL-assisted PLL.
Next we present the TC-OFDM signal model, and models of KF-based FLL and KF-based PLL, which are utilized in the analysis presented later in the paper. This follows by the analysis of the aforementioned KF-based FLL and KF-based PLL, a novel FLL-assisted PLL with fuzzy control is introduced. Finally, the corresponding simulation and experimental results are given followed by conclusions.
II. SIGNAL MODEL, KF-BASED PLL MODEL AND KF-BASED FLL MODEL
In this section, the mathematical model of the TC-OFDM signal, the KF-based PLL and the KF-based FLL are presented. The z-domain linear models of the KF-based PLL and the KF-based FLL are also given.
A. SIGNAL MODEL
The TC-OFDM system is a communication and navigation integrated system. Communication and positioning signal are multiplexed in the same frequency band, the structure of the TC-OFDM signal is shown in Figure 1 . In this structure, the multiplexed positioning signal is superimposed on the original digital broadcast signal. The CMMB system uses orthogonal frequency division multiplexing (OFDM) technology to transmit the multimedia broadcasting information. One frame of the CMMB signal consists of 40 time slots, each time slot includes one TxID signal, 2 synchronization signals and 53 OFDM symbols [22] . The positioning signals include two types of PRN codes, which are called short codes and long codes, respectively. Due to the fact that TxID signal of the existing CMMB signal is not used, the short codes are transmitted with the same power as CMMB signals.
In order not to increase the bit error rate of the CMMB signal, the long code power is at least 18dB lower than the CMMB signal power. The duration of one bit positioning data is the same as the length of one time slot. We use short codes for the acquisition and long codes for the late tracking in the TC-OFDM receiver [23] . The TC-OFDM signal of the lth time slot is expressed as:
where, superscript i stands for the CMMB base station index, s CMMB (·) is the CMMB signal, D (·) denotes the navigation message, c S (·) and c L (·) are respectively short codes and long codes, T F is the time slot duration and the duration of the short codes is T sc . Hence, the duration of the long codes is T F −T SC . Next, the TC-OFDM signal is transmitted via the carrier modulation and power amplification model, which is written as
where, f c is the carrier frequency, ϕ is the initial phase. Thanks to the orthogonality of PRN codes, the received signal from different base stations can be easily separated [24] . After the radio frequency (RF) front end and analog-to digital converter (ADC), the CMMB signal is filtered out, and the model of the positioning received signal can be expressed as: , and r (nT s ) = r(n). Due to the fact that the relative movement between the base station and the TC-OFDM receiver is slow, the residual carrier frequency is mainly caused by the local oscillator inaccuracy.
The IF signal r(n) is input to the baseband processing module, and the baseband processing module first completes the acquisition of the received signal. The results of the acquisition are coarse estimations of the frequency and code phase of r(n). Then, the baseband processing module enters the tracking stage. The carrier loop and the code loop are used together to demodulate the spread spectrum signal, which can achieve pseudorange measurement and navigation message recovery.
For the convenience of discussion, it is assumed that the receiver receives one base station signal. The local signal generated includes in-phase (I ) signal, quadra-phase (Q) local carrier signals and the local prompt PRN code, which are written as:
wheref d is the local residual carrier frequency, ϕ 0 is the local carrier phase, andτ is the code delay of the local prompt PRN codes. The received signal r(n) and the local signal are multiplied and accumulated to generate the I and Q correlated signals, which are expressed as:
Where k is the number of loop updates, T coh is the coherent integration interval, R(·) is the autocorrelation function of the PRN codes, δf is the carrier frequency error between the received and the local signals, δϕ is the carrier phase error between the received and the local signals, and n I and n Q are AWGN with zero mean (µ = 0) and variance (σ 2 n ), δθ is the initial phase error between the received and the local signals. Since this paper focuses on the carrier tracking, the code delay error is assumed to be close to zero, and then the effect on the carrier can be negligible.
The I and Q correlator outputs are input to the frequency and phase discriminator. The frequency discriminator is used VOLUME 6, 2018 to extract the carrier frequency from the I and Q signals, and the carrier frequency error causes the carrier phase to change over time. The frequency discriminator used herein is the four-quadrant inverse tangent operation of the dot and difference products [25] , and the output is used as the system measurement. The carrier phase can be extracted from the I and Q signals by the phase discriminator, and the output of the phase discriminator is utilized as the system measurement. In this research, the phase discriminator is the inverse tangent operation of Q over I correlator outputs [26] . Finally, the outputs of the frequency and phase discriminator are expressed as:
where δω is the angular frequency error, and δω = 2πδf , P cross is the difference product, and
, P dot is the dot product, and
, t is the calculation interval.
B. KF-BASED PLL MODEL
In the TC-OFDM receiver, the tracking loop can synchronize the local generated signal with the phase and frequency of the input signal. The tracking loop designed with the KF only needs to set the proper initial estimation of the KF to track the TC-OFDM signal steadily. For the conventional PLL, the third-order PLL needs to accurately estimate the phase, the phase rate, and the rate of change of the phase rate. When using the KF to design a third-order PLL, the state vector can be defined as:
where ϕ n is the carrier phase,φ n is the phase rate,φ n is the rate of change of the phase rate. The dynamic matrix is
Then, the fundamental matrix is
where, T L is the loop update time. So the dynamic equation can be expressed as
where W p,k−1 is the noise vector. From Equation (14), it can be seen that when noise is present, the KF gain and the measured residual are used to correct the estimations of ϕ k , ϕ k andφ k . In order to reduce the complexity of the measured equation, a novel PLL is designed by preserving the phase discriminator and using KF. The output of the phase discriminator is used as the estimation of the phase difference between the input signal and the local signal, and the prior phase estimation of the input signal and the phase error estimation are used together as a phase observation. The observation is written as:
where, superscript ∧ indicates estimation, superscript − indicates prior information,φ − k is the prior phase estimation of the input signal, δφ k is the phase error estimation, and δφ k = δϕ k . The observation matrix reflects the relationship between the phase observation and the state vector, which is expressed as:
So the observation equation is expressed as:
Using δφ k as the measured residual, the KF can be expressed as:
where, K p,k is the KF gain, and
K p,k is obtained by the following equations:
where, P p,k is the covariance matrix, and R p,k is the measured noise matrix. At the initial moment of tracking, the KF needs to initialize X − p,0 , P p,0 , R p,k , and the process noise matrix V p,k .φ − 0 can be obtained by the coarse frequency estimation of the acquisition, the other items of X − p,0 is set to zero. R p,k is composed of the variance of all observed noise sources, which is expressed as:
where, σ 2 ϕ is the variance of the carrier phase noise. Using available observation sources to optimize P p,0 [27] , P p,0 uses is obtained by using σ 2 ϕ in this research, which is written as:
And V p,k is written as [28] :
where q p,s indicates the power spectral density of the carrier phase random process. And q p,s can be estimated based on the desired carrier phase dynamics. The priori estimations X − p,k can be obtained from the following equation:
Due to an inherent delay in the loop update,φ k cannot directly be used as the local carrier numerically controlled oscillator (NCO) at the moment. Although K p,k+1 and δφ k+1 are unknown in the kth step, it can be assumed that the KF gain and measured residual of the kth and (k+1)th step are approximately the same. The local carrier NCO in the kth step:φ
When designing a TC-OFDM signal tracking loop, it is very important to obtain the transfer function of the tracking loop. The KF is equivalent to a loop filter of the conventional PLL, and the z-domain transfer function of the equivalent loop filter is the ratio of the NCO value to the phase error estimation. According to equation (19) and (26) , the following equations can be obtained.
The transfer function of the equivalent loop filter can be obtained by performing the z-transform on the equation, which is expressed as:
The KF-based third-order PLL model is shown in Figure 2 , and the transfer function of the KF-based third-order PLL can be written as: 
C. KF-BASED FLL MODEL
The conventional second-order FLL needs to accurately estimate the carrier frequency and the carrier frequency change rate of the incoming signal. When using KF to design a second-order FLL, the rate of change of carrier frequency and carrier frequency are used as the state vector, and the state vector is expressed as:
where, f k is the frequency, andḟ k is the rate of change of frequency. The dynamic matrix is
The dynamic equation of the KF-based second-order FLL is:
where, W f ,k−1 is the noise vector. When noise is present, the KF gain and measured residuals must be used to correct the estimated f k andḟ k of the input signal. As with the previous discussion of the KF-based FLL, the sum of the priori frequency estimation and the frequency error estimation of the input signal is approximated as a frequency observation, which is shown as:
The frequency observation and measured equations are as follows.
When f k andḟ k are directly used as the state vector, the measured residual can be obtained directly from the frequency discriminator. The KF can be expressed as
where, K f ,k is the KF gain, and
is also obtained by applying equation (20) and (21) . The priori estimations of f k andḟ k obtained by the following equation.
When using the FLL to estimate the carrier frequency, the local carrier NCO in the kth step is expressed as:
Referring to the KF-based PLL model, the initialization of the KF of FLL is set as follows.
where, R f ,k is the measured noise,σ 2 f is the variance of the carrier frequency noise, P f ,0 is the initial value of the covariance matrix, V f ,k is the process noise matrix, q f ,s is the spectral density of the random process noise power.
According to equation (37) and (39), the local carrier NCO and frequency error estimations are obtained as follows.
After doing z-transfer function for equation (42), the z-transfer function of the equivalent filter can be obtained, which is expressed as
Then, the KF-based second-order FLL model is given and shown in Figure 3 , and the transfer function of the KF-based second-order FLL is written as:
III. NOVEL FLL-ASSISTED PLL WITH FUZZY CONTROL
Based on the discussion in the previous section, we propose a novel FLL-assisted PLL with fuzzy control to mitigate the effect and enhance the robustness of the carrier tracking under the drastic change of the signal CNR. In this section, the KF-based FLL-assisted PLL is first presented, followed by the design of the novel FLL-assisted PLL with fuzzy control, and the structure of the novel carrier loop is shown in Figure 4 . 
A. KF-BASED FLL-ASSISTED PLL
In the carrier tracking loop, the loop can be made more flexible by adopting a combination of the FLL and the PLL. Compared with the PLL, the FLL can more quickly bring the loop into a stable state. The PLL can better suppress the loop noise and improve the carrier tracking accuracy, which is usually used in the late stage of the conventional tracking processing. In the tracking process, if the signal CNR suddenly becomes lower, the PLL will be difficult to track, and the carrier loop will change the operating mode to the FLL. When the carrier loop is FLL-assisted PLL, FLL and PLL are integrated to estimate the residual carrier frequency, which can combine the aforementioned advantages to maintain the input signal tracking. In addition, the conventional tracking loop assumes that the input signal is deterministic, whereas KF assumes that the signal dynamics follow a linear stochastic model [29] . KF makes use of the signal dynamic model and the measurement from the baseband digital signal processing component to estimate the signal parameters of interest [14] . Therefore, the KF-based FLL-assisted PLL is appropriate for the weak signal situation, where the signal CNR is severely influenced by random noise. As shown in Figure 2 and Figure 3 , the KF-based PLL and the KF-based FLL have similar linear models to the conventional carrier loop. Hence, we can easily use the KF to design a novel second-order FLL-assisted third-order PLL.
The novel FLL-assisted PLL can be obtained by modifying the updated equation of the local carrier NCO, and the updated equation iŝ
FIGURE 5. Structure of the novel KF-based FLL-assisted PLL. Figure 5 shows an equivalent loop filter structure of the novel KF-based FLL-assisted PLL. Compared with the conventional FLL-assisted PLL, the coefficients of the KF-based FLL-assisted PLL are adjusted in real time to achieve optimal tracking. Assuming that the KF gain is constant, the closedloop transfer functions of the conventional FLL-assisted PLL and the novel KF-based FLL-assisted PLL are equal. When the novel KF-based FLL-assisted PLL works in a steady stage, the coefficients of the loop filter are fixed and optimized. However, in the steady state of the incoming signal CNR, the tracking accuracy of the KF-based FLL-assisted PLL is lower than that of the pure PLL.
B. KF-BASED FLL-ASSISTED PLL WITH FUZZY CONTROL
Fuzzy control is an approach based on artificial intelligence, which has been used widely and successfully in control problems [30] - [32] . Fuzzy control does not require a mathematical model of the process. Using the fuzzy concept based on experience, the natural language can be implanted into a computer to realize intelligent control in a way that mimics human thinking. The mathematical basic of fuzzy inference can enable the fuzzy model to provide similar discrete or deterministic results to the ones obtained from conventional knowledge-based system [33] . The fuzzy controller is mainly composed of four parts: fuzzifer, knowledge base, fuzzy reasoning and defuzzifer. For a two-input and one-output system, the system error and error variation are usually selected as the inputs of the fuzzy controller.
Although the tracking dynamic range of the KF-based FLL-assisted PLL is larger, its tracking accuracy is lower than that of the pure PLL at the steady state. The conventional tracking algorithms preset the CNR threshold to switch between the carrier loops, but this threshold is difficult to determine. Fuzzy control is used to achieve the fusion of the pure KF-based PLL, the pure KF-based FLL and the KF-based FLL-assisted PLL, and the pure KF-based PLL is used at high CNR, the pure KF-based FLL is used at low CNR, and the KF-based FLL-assisted PLL is used at other times. In addition, the fusion coefficient β is given by the fuzzy controller. The specific design of the proposed algorithms is now described. This algorithm uses the statistical properties of CNR difference for a period of time, and then adjusts the fusion coefficient to improve the tracking accuracy. At the beginning of the tracking process, the proposed algorithm adjusts the fusion coefficient to 0.5. In other words, the tracking loop used at the beginning is an abovementioned second-order FLL-assisted third-order PLL. In the signal tracking processing, the CNR is calculated, and then the weights of the outputs of the two discriminators are adjusted. By introducing the fusion coefficient, it can improve the carrier tracking accuracy and the robustness of the tracking loop compared with the KF-based FLL-assisted PLL. When the CNR is high, increasing the fusion coefficient can suppress the noise error caused by the FLL and improve the tracking accuracy. When the CNR is low, reducing the fusion coefficient enhances the robustness of the loop at the expense of the tracking accuracy. Although the tracking accuracy of the proposed algorithm is reduced at low CNR, KF minimizes the degradation of the tracking accuracy by optimizing the loop parameters. Two input variables and one output variable are designed in the fuzzy controller, as reported in Table 1 . The current CNR and its change rate (denote as DCNR) are used as inputs for the fuzzy controller. Since the observed CNR changes slowly, DCNR is the CNR difference in 2s apart. The structure of the fuzzy controller is shown in Figure 6 . The fuzzifier is mainly used to determine the linguistic variables and membership functions (MFs) of the inputs and outputs. According to previous analysis of the experimental data, the CNR range of the TC-OFDM signal is from 20dB-Hz to 45dB-Hz. Its domain Table 2 , and the fuzzy rules are generated based on the learning algorithm of the measurement data. The relationships between the inputs and outputs are shown in Figure 8 .
We utilize the defuzzifier to determine a final exact value according to the fuzzy output from the Mamdani inference mechanism. The center of area algorithm calculates the center of the area of the Mamdani inference mechanism output probability distribution, and it is used as the defuzzifier strategy in the fuzzy controller. Finally, β can be obtained as follows:
where n j is the number of fuzzy output sets, β j is the numerical value of the jth output MF, and µ(β j ) represents its membership value at the jth quantization level. Finally, the equivalent loop filter structure of the novel KF-based FLL-assisted PLL with fuzzy control is shown in Figure 9 , and its updated equation of the final local carrier NCO is written as:
The way to improve the receiving sensitivity performance is to increase the coherent integration time, but doing so reduces the loop update rate, thereby degrading the tracking robustness [26] . For TC-OFDM signal tracking, the increase in detectability is offset by an increase in error growth as the loop update time is increased. In this research, through Monte Carlo simulations and real data tests, we found that the tracking performance is optimal when the loop update time and integration time are equal. The parameters of the optimal tracking performance are set as: T c = 250ms, σ ϕ = 0.2, q p,s = 0.01, σ f = 0.2 and q f ,s = 0.01. Since this paper solves the engineering problems in the implementation of the TC-OFDM system, the selection of the optimal loop parameters is mainly based on actual engineering needs. In addition, the proposed method is also applicable to a direct-sequence spread spectrum code division multiple access (DSSS-CDMA) system, and the integration time, observed noise variance, and power spectral density can be determined according to [26] , [34] , [35] and actual engineering application effects.
IV. PERFORMANCE ASSESSMENT
The KF-based FLL-assisted PLL with fuzzy control is primarily developed to mitigate the impact of serious TC-OFDM signal amplitude fading on the carrier tracking. In this section, simulations and experimental tests are performed to verify the reliability of the proposed algorithm. Moreover, the results of the proposed algorithm are compared to those from KF-based FLL-assisted PLL without fuzzy control, FLL-assisted PLL with fuzzy control, FLL-assisted PLL without fuzzy control, and third-order PLL. 
A. SIMULATIONS
The simulated received TC-OFDM data are obtained from a TC-OFDM signal generator, and the generator is shown in Figure 10 . The residual CMMB signal is regarded as the noise. The PRN code of the TC-OFDM system is Gold code and the other parameters are in Table 3 . The first simulation tests the effect of different signal strengths on the carrier phase error, and the three-order PLL is used to evaluate the carrier phase error. From Figure 11 CNR changes by more than 10dB, the range of phase error variation can exceed 15deg, and even it may leads to loss of lock. It can be clearly seen that the more severe the signal fluctuations, the greater the phase error. Therefore, the drastic change of CNR can stress carrier tracking loops in the TC-OFDM receiver. Figure 13 shows the second simulation results, which includes the tracking phase error and tracked residual carrier frequency under the actual CNR changes. The CNR variation is simulated based on the previous experiments, and other four algorithms are compared with the proposed algorithm. In this figure, Method-1 represents third-order PLL, Method-2 represents FLL-assisted PLL without fuzzy control, Method-3 represents FLL-assisted PLL with fuzzy control, Method-4 represents KF-based FLL-assisted PLL without fuzzy control, Method-5 represents the proposed algorithm. When CNR abruptly degrades, the tracking phase error of the five algorithms abruptly increase, resulting in a sudden change in the corresponding residual carrier frequencies. By amplifying the part results, we can see that the phase error variation of the proposed algorithm is the smallest, mainly because KF can adjust the noise bandwidth and fuzzy control assists to optimize the performance of the tracking loop. The performance of the PLL is the worst when CNR abruptly degrades, the phase error variation of the PLL is 100deg and the corresponding frequency variation is even 1KHz. When the tracking carrier frequency error is too large, the PLL tend to lose carrier signals. In order to test the carrier signal tracking at the lower CNR, the carrier loop is re-tracked once the loop loses carrier signal. The figure also shows that when the CNR slowly becomes lower, the phase error variation of the PLL is smaller than that of the FLL-assisted PLL without fuzzy control. Although the FLL-assisted PLL without fuzzy control can improve the dynamics of the tracking loop, the PLL can better suppress the loop noise. The tracking phase error and tracked residual carrier frequency of the proposed algorithm are better than the other four algorithms, which combines the antinoise superiority of PLL and the large dynamic advantage of FLL-assisted PLL.
The third simulation tests the carrier tracking performance of the three tracking algorithms when signal CNR abruptly degrades from 45dB-Hz to 20dB-Hz. In order to facilitate observation, we deal with the absolute values of the tracking phase error and tracked frequency error, and do not do the re-tracking, as shown in Figure 14 . When CNR reduces to 20dB-Hz at 45s, neither the PLL nor the FLL-assisted PLL without fuzzy control can keep tracking. We can see that the tracked frequency errors of the PLL and the FLL-assisted PLL increase linearly, and the phase error is larger than the true value. In the actual tracking of the receiver, if the loss of lock is not judged and the carrier loop has a large deviation from the true value, resulting the estimated frequency to increase in the wrong direction. This wrong frequency adjustment results in the inability to extract the navigation message from the prompt in-phase correlations, as shown in Figure 15(d) and (e). Though the FLL-assisted PLL with fuzzy control and the KF-based FLL-assisted PLL without fuzzy control do not have the linear growth described above, the frequency error and phase error of these two algorithms become larger than that of the proposed algorithm. Herein, the prompt in-phase correlations of these two algorithms are greatly affected by noise, resulting in large correlation changes and low probability of the navigation message extraction, as shown in Figure 15(b) and (c) . From the results of the FLL-assisted PLL with fuzzy control and KF-based FLL-assisted PLL without fuzzy control, it proves both KF and fuzzy control can improve the FLL-assisted PLL to adapt the amplitude fading situation. Even if the signal CNR is abrupt fading, the proposed algorithm can still track the carrier signal well. After 45s, the tracking phase error increases compared to the previous ones, resulting the effect of noise on the prompt in-phase correlation to increase. But this noise effect do not have any effect on the extraction of the navigation message. 
B. REAL DATA TESTS
To confirm that the proposed algorithm exhibits actual performance, real data tests are conducted. The comprehensive test platform consists of two parts: the TC-OFDM base station and the receiver, as shown in Figure 16 and 17. The existing deployment of the CMMB system does not change, only some other equipment are added on the CMMB system. The output of the atomic clock is 10MHz, the time distributor receives the BDS/GPS signal to achieve synchronization between the TC-OFDM base stations, and counter and the industrial personal computer do the auxiliary work. The current synchronization accuracy is 5ns (1δ). The time distributor generates navigation message. The actuator receives the corresponding signals to generate the TC-OFDM signal, and the power amplifier module is needed to add in the actual application. Figure 17 shows the structure of the TC-OFDM receiver, and the positioning data of the receiver can be transmitted to the mobile phone via Bluetooth. The receiver utilizes FPGA and ARM architecture for the baseband processing, and ARM performs control and calculation operations.
FIGURE 18. Test platform.
The test platform is shown in Figure 18 , which includes a step attenuator, a power divider and three receivers in addition to the base station described above. The step attenuator is used to control the transmitted power, and the power divider is to ensure that the signal power received by the receivers is the same. Due to the limited number of receivers, in the real data tests, we chose two other algorithms to compare with the proposed algorithm. The FLL-assisted PLL without fuzzy control, the PLL and the proposed algorithm are respectively downloaded to three receivers, the noise bandwidths of these algorithms are the same as described in the simulation, and the acquisition algorithms of three receivers are the same. In the real data tests, the change of signal strength not only affects the carrier loop, but also affects the code loop. Hence, the code loop algorithms in the three receivers is the same. We set the initial value of CNR to 45dB, the signal power is attenuated through the attenuator, and the re-acquisition is not done when a tracking failure occurs. We perform 100 simulations for each attenuation case, and determine whether the carrier tracking was stable by checking the navigation message displayed on the mobile phone. Due to using the same code loop in the TC-OFDM receiver, the bit error rate is mainly caused by the carrier loop (see derivation in Appendix A). The number of successful demodulation of the navigation message in the tests is recorded in Table 4 . When the CNR attenuation is less than 10dB, the success rate of the three algorithms is very close. When the CNR attenuation is 25dB, the FLL-assisted PLL without fuzzy control and PLL algorithm cannot track the carrier signal, and tend to lose. Due to the random noise and frequency drift existing in the actual test, the proposed algorithm also fails to demodulate the navigation message under the condition of relatively low CNR. However, the success rate of the demodulated navigation message of the proposed algorithm is 82%, which is much higher than that of the other two algorithms. Figure 19 shows the tracking errors and the tracked residual carrier frequency corresponding to the three datasets using PLL, FLL-assisted PLL without fuzzy control and proposed algorithms. As shown in the figure, neither PLL nor FLL-assisted PLL without fuzzy control can keep tracking under this event. When signal CNR deeply degrades to 20dB-Hz at 25s, the PLL and the FLL-assisted PLL without fuzzy control lose signals after 25s. Nevertheless, the proposed algorithm keeps tracking the signal under this event. Therefore, the novel FLL-assisted PLL with fuzzy control can avoid the divergence of the tracking loop and improve the robustness of the TC-OFDM receiver.
V. CONCLUSION
In this paper, a novel FLL-assisted PLL with fuzzy control is proposed to avoid the divergence of the tracking loop and improve the robustness of the TC-OFDM receiver. Using the outputs of the frequency and phase discriminator as the measured residuals, the KF-based FLL-assisted PLL is designed and analyzed. Due to the equivalent filter coefficient of the KF-based FLL-assisted PLL is variable at any time, the noise bandwidth of the KF-based FLL-assisted PLL can be automatically adjusted to reduce the effect of the noise on the carrier tracking accuracy. The fusion coefficient given by fuzzy control is used to automatically switch between pure KF-based PLL, pure KF-based FLL and KF-based FLL-assisted PLL, which can further improve the carrier tracking accuracy and the robustness of the tracking loop. Finally, the proposed algorithm is tested using simulated and real TC-OFDM data under different signal strengths. Four existing carrier tracking algorithms are used to evaluate the performance of the proposed algorithm, the results show that the proposed algorithm can improve the robustness of the TC-OFDM receiver and the carrier tracking accuracy.
APPENDIX
In TC-OFDM system, the data bits of the navigation message are modulated by binary coding, and the data bits only have two values (D ∈ {1, −1}), as like GNSS system [34] . We assume that H 0 represents D = −1 and that H 1 represents D = 1. The bit error rate is related to the statistical characteristics of the coherent integration results of the prompt in-phase signal, and the bit error probability when the data bit is equal to 1 and −1 respectively can be obtained by the following equation. 
where, sgn(·) is the symbol function. According to the minimum average error probability criterion, the average error probability of data bit detection can be expressed: P e = P (H 0 ) P (sgn (I ) = −1 | H 0 )
Therefore, it can be seen from equation (8) and (A4) that the accuracy of the navigation message recovery can be affected by the carrier phase error δϕ.
